Abstract Androgen insensitivity syndrome (AIS) is the most common cause of disorders of sex development usually caused by mutations in the androgen receptor (AR) gene. AIS is characterized by a poor genotypephenotype correlation, and many patients with clinically presumed AIS do not seem to have mutations in the AR gene. We therefore aimed at identifying a biomarker enabling the assessment of the cellular function of the AR as a transcriptional activator. In the first step, we used complementary DNA (cDNA) microarrays for a genomewide screen for androgen-regulated genes in two normal male primary scrotal skin fibroblast strains compared to two labia majora fibroblast strains from 46,XY females with complete AIS (CAIS). Apolipoprotein D (APOD) and two further transcripts were significantly upregulated by dihydrotestosterone (DHT) in scrotum fibroblasts, while CAIS labia majora cells were unresponsive. Microarray data were well correlated with quantitative real-time polymerase chain J Mol Med (2009) R=0.93). Subsequently, we used qRT-PCR in independent new cell cultures and confirmed the significant DHT-dependent upregulation of APOD in five normal scrotum strains [13.5±8.2 (SD)-fold] compared with three CAIS strains (1.2±0.7-fold, p= 0.028; t test) and six partial androgen insensitivity syndrome strains (2± 1.3-fold, p=0.034; t test). Moreover, two different 17ß-hydroxysteroid dehydrogenase III deficiency labia majora strains showed APOD induction in the range of normal scrotum (9.96±1.4-fold), supporting AR specificity. Therefore, qRT-PCR of APOD messenger RNA transcription in primary cultures of labioscrotal skin fibroblasts is a promising tool for assessing AR function, potentially allowing a function-based diagnostic evaluation of AIS in the future.
Introduction
Normal male external genital differentiation is dependent on normal androgen action via the androgen receptor (AR) in the external genital target tissues. The AR is an androgen-activated transcription factor controlling transcription rates of androgen-regulated target genes. Mutations in the X-chromosomal AR gene inhibit AR function and in turn lead to the androgen insensitivity syndrome (AIS) in 46,XY individuals [1, 2] . The clinical spectrum of AIS ranges from complete AIS (CAIS) with normal female external genitalia due to complete inactivation of the AR to partial AIS (PAIS) with varying degrees of genital ambiguity, including mild forms with only slight defects of virilization or isolated infertility caused by partial insufficiency of AR function [1, 2] . On the hormonal level, AIS is characterized by normal androgen biosynthesis and normal or elevated gonadotrophins [1] .
Intriguingly, many patients with clinically evident AIS do not have documented mutations in the AR gene [2] . These individuals might have defects in yet uncharacterized coregulators of AR signaling. For instance, there is evidence that co-regulators such as transcriptional intermediary factor 2 (TIF2) are involved in the pathogenesis of AIS [3] [4] [5] . An androgen receptor co-activator defect has been published to be the sole cause of AIS in the absence of an AR gene mutation [6] . In some patients, reduced AR transcription due to unknown mechanisms may also underlie AIS [7] . These considerations hamper clinical management due to the lack of a defined molecular diagnosis and clinical prognosis in a significant subset of patients. Moreover, in AIS patients with an established AR gene mutation, the correlation between genotype and phenotype is often poor, even within the same family [8] [9] [10] . Therefore, the discovery of androgenregulated target genes reflecting AR signaling in patientderived cellular material could provide opportunities for developing a bioassay for the diagnosis of AIS based on functional criteria.
Historically, the clinical diagnosis of AIS was confirmed by reduced affinity of binding of androgen in cultured genital skin fibroblasts. However, this method is restricted to patients having molecular defects in the ligand-binding domain of the AR [11] . The degree of AR dysfunction in AIS was also used to be assessed by the degree of decrease of steroid hormone binding globulin in response to stanozolol [12, 13] . However, it is unclear whether this test reflects the competence of the AR as a transcriptional regulator, making test results difficult to interpret. Attempts to identify androgen-regulated genes in AR-expressing male foreskinderived fibroblasts-a commonly used "normal control" in human genital differentiation research-either failed or showed inconsistent results [14] [15] [16] , including our own genome-wide studies [17, 18] . In part, these inconsistencies may be explained by the fact that postnatal genital fibroblasts represent end-stage differentiated cells that have become unresponsive to androgen signaling since genital morphogenesis has been completed [17, 18] . We have recently shown that skin fibroblasts derived from the scrotum, which is the male homologue of the labia majora in females, display significant differences of gene expression patterns compared with foreskin fibroblasts, indicating that these two cell types are very different entities [19] . Although differentiation of cells is usually accompanied by specific epigenomic modifications [20, 21] , we speculated that scrotum fibroblasts, in contrast to foreskin fibroblasts, could have retained AR activity. We therefore analyzed for the first time dihydrotestosterone (DHT)-induced gene transcription in scrotum fibroblasts in the presence or absence of the demethylating agent 5-aza-deoxy-cytidine (AZA), first by complementary DNA (cDNA) microarrays and subsequently by quantitative real-time polymerase chain reaction (qRT-PCR). We found significant upregulation of apolipoprotein D (APOD) in scrotum fibroblasts from normal males, while those from individuals with PAIS and CAIS showed severely reduced or absent response. AZA did neither affect APOD-expression nor unveil further AR targets.
Materials and methods

Experimental subjects
The study was approved by the ethical committee of the University of Lübeck, Germany. A written informed consent was obtained from normal subjects, patients, and their parents.
Fibroblast strains, cell culture, and treatment conditions Scrotal skin fibroblasts were obtained from eight males with phenotypically normal male external genitalia. 46, XY labia majora and labioscrotal-derived fibroblasts were obtained from six PAIS and five CAIS patients with proven inactivating mutations of the AR gene. In addition, two labia-majora-derived fibroblast cultures with 17ß-HSDIII deficiency due to documented inactivating mutations were analyzed (Table 1) . Fibroblasts were grown at 37°C with 5% CO 2 in phenol red free Dulbecco's modified Eagle's medium (Gibco BRL, Eggenstein, Germany) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin/streptomycin, 2 mM Lglutamine (Sigma, St. Louis, MO, USA), and 20 mM HEPES buffer (Gibco BRL). All hormone treatments were carried out with these medium constituents, but with charcoal-treated 10% FBS.
In the first set of experiments (experimental set 1), two different scrotum fibroblasts strains (S4, S15) and two different 46,XY CAIS labia majora fibroblasts strains (ARD411, ARD1097) were selected (Table 1) for a genome-wide screening by microarray and subsequent independent validation by qRT-PCR. They were treated with either (1) 10 nM DHT (in ethanol) plus 2 µg/ml AZA (in acetic acid); (2) 10 nM DHT (in ethanol) plus acetic acid; (3) ethanol plus AZA (in acetic acid); and (4) ethanol plus acetic acid. DHT (Merck, Darmstadt, Germany) was dissolved in ethanol (final dilution in culture media= 1:10,000). AZA (Sigma, Taufkirchen, Germany) was dissolved in acetic acid (final dilution in culture media= 0.5%). Passage numbers were between 3 and 9 and 1 × 10 6 cells were seeded per culture (T-175 flasks; day 1). DHT was introduced 24 h after seeding the cells (day 2) and was repeated once every 48 h for a total of six times (last treatment at day 14). After the final hormone treatment, cells remained in culture for 96 h prior to harvest (day 18). By this method, fibroblasts become confluent (G 0 ), and we have demonstrated previously that these conditions lead to highly reproducible and stable gene transcription profiles as needed for genome-wide microarray experiments with nonimmortalized, primary cultures of fibroblasts [17] .
In the second set of experiments (experimental set 2), a completely independent new set of fibroblast cultures derived from different patients and normal controls (phenotypic normal males: S3, S5, S8, S9, S12, S13; CAIS: ARD682, ARD1144, ARD402, PAIS: ARD446, ARD534, ARD001, ARD084, ARD377, ARD659; 17ß-HSDIII deficiency: ARD111, ARD1373) received either 10 nM DHT plus ethanol or ethanol alone under the same treatment regimen as described above, and RNA was subsequently subjected to qRT-PCR.
RNA isolation, amplification, and reference RNA Total RNA was isolated from fibroblasts using Trizol (Invitrogen, Paisley, UK) followed by RNeasy mini kit protocol (Qiagen, Hilden, Germany). DNA contamination was removed using the DNA free kit (Ambion, Austin, USA). Total RNA and universal human reference RNA (Stratagene Europe, Amsterdam, The Netherlands) were amplified according to the MessageAmp II aRNA kit protocol (Ambion). Total RNA and the amplified antisense RNA (aRNA) were quantified using the 2100 Bioanalyzer (Agilent, Palo Alto, USA).
Microarray hybridization
Spotted cDNA microarrays (Stanford Functional Genomics Facility, Stanford, CA, USA) were used for gene expression studies containing approximately 43,000 features representing 32,968 unique human genes. Labeling of aRNA and subsequent cDNA hybridizations were performed according to published protocols (http://cmgm.stanford.edu/ pbrown/protocols/index.html). While 3 µg of each fibroblast aRNA was labeled with Cy5 (pseudocolor red), 2 µg of a universal human reference RNA was labeled with Cy3 (pseudocolor green; Amersham Pharmacia Biotech Europe, Freiburg, Germany). Competitive hybridizations of Cy5-and Cy3-labeled probes on a total of 16 microarrays were performed for 14-18 h over night at 65°C in a water bath. Hybridized and washed microarrays were scanned using a Genepix 4000B microarray scanner (Axon, Foster City, USA). Images were analyzed with GenePix Pro 4.0 software (Axon Instruments, Foster City, USA).
Microarray data analysis
Only spots with fluorescence signals of ≥1.5-fold over array background in either the experimental (Cy5) or the reference (Cy3) channel were considered based on the 16 microarray experiments representing the four experimental conditions corresponding to the four used cell strains in the first set of treatments (experimental set 1). Cy5/Cy3 fluorescence ratios for all genes were normalized to obtain an average absolute log 2 red/green ratio of 0 in each microarray. Fluorescence ratios for each gene were centered (by mean) and genes with at least 80% interpretable data in the microarrays were used. We further considered only those transcripts whose log 2 red (Cy5)/green (Cy3) ratio differed from the mean expression level across all 16 experiments by at least 1.0 (corresponding to twofold upregulation or twofold downregulation) in at least four of 16 experiments. In the first, we performed unsupervised hierarchical clustering analysis (Pearson correlation metrics, average linkage clustering) [22] . Data were displayed by TreeView [22] . Secondly, we applied the significance analysis of microarrays (SAM) procedure [23] , a wellestablished and stringent biomathematical method to identify transcripts with statistically significant differences in expression levels on microarrays, and we compared all DHT-treated samples with all untreated samples in the normal scrotum fibroblasts independent from the presence or absence of AZA. Moreover, we have compared all AZAtreated samples with all non-AZA samples independent from DHT treatment or AR status by SAM.
Total RNA amplification, qRT-PCR of APOD Total RNA was amplified according to the manufacturer's instructions using the First-strand cDNA synthesis kit (Fermentas, Hannover, Germany). qRT-PCR was applied to a total of eight scrotum fibroblasts strains [two validation experiments on messenger RNA (mRNA) used for microarray hybridizations in the first set of experiments (experimental set 1) plus six independent experiments in the second qRT-PCR-only set (experimental set 2)], five CAIS labia majora fibroblasts strains [two validation experiments on mRNA used for microarray hybridizations in the first set of experiments (experimental set 1) plus three independent experiments in the second qRT-PCR-only set (experimental set 2)], six PAIS fibroblasts strains, and two 17ß-HSDIII fibroblast strains [only as part of the second set of qRT-PCR experiments (experimental set 2)] (Table 1) . qRT-PCR was performed using the QuantiTect SYBR Green PCR kit (Qiagen). The primers used for PCR (TIB MOLBIOL, Berlin, Germany) had the following sequences: APOD forward primer 5′-CCACCCCAgTTAACCTCACA-3′ and APOD reverse primer 5′-gTgCCgATggCATAAAC C-3′. Succinate dehydrogenase subunit A (SDHA) was used as housekeeping gene for normalization. SDHA forward primer was 5′-ACCAggTCACACACTgTTgC-3′ and SDHA reverse primer was 5′-CgTAgAAATg CCACCTCCA-3′. PCR was carried out on the LightCycler (Roche Diagnostics, Mannheim, Germany). In total, 18 µl of PCR master mix including primers and 2 µl of cDNA (approximately 6.25 ng/µl) were pipetted into each capillary. The PCR conditions were 95°C for 15 min, 45 cycles of 94°C for 15 s, 52°C for 25 s, and 72°C for 25 s. Standard curves for APOD and SDHA were obtained by running the PCR with different dilutions of reference cDNA. Standard curves were used to assess the efficiency correction for the experimental probes. Melting curves were analyzed to make sure that the amplified product was specific for APOD and SDHA and devoid of primer dimers. 
Results
Microarray data
Filtering of all genes of all the 16 microarrays (experimental set 1) as described above resulted in 3,601 transcripts. Unsupervised hierarchical clustering of these transcripts across the 16 microarray experiments demonstrated distinct, reproducible patterns of gene expression (Fig. 1) . Clustering sorted all microarray experiments according to the cell strain, indicating the existence of highly strain-specific, stable baseline gene transcription signatures independent from the treatment of the cells. Therefore, strain identity was the overriding biological pattern causing gene expression differences in the 16 microarrays dataset. From the methodological perspective, this observation confirms the high reproducibility of our cell culture strategy in combination with the microarray procedures ( Fig. 1) , as also previously published [19] . However, our unsupervised analysis did neither expose obvious influences of DHT treatment nor of AZA treatment, suggesting that the cells responded only little to either of these two treatments. Therefore, at this stage of analyses, our finding on scrotal fibroblasts seemed to agree with our previous work showing a lack of response of foreskin fibroblasts to many different protocols of DHT treatment [17, 18] . Since unsupervised analysis did not show obvious DHTeffects, we performed a supervised statistical search for significant DHT-regulated genes using the well-established SAM procedure [23] . Using this algorithm, we compared all DHT-treated normal scrotum fibroblast experiments with all non-DHT-treated normal scrotum fibroblast experiments, independent of the presence or absence of AZA. Based on analysis of all expressed genes with 80% interpretable data in the fibroblasts (23,863 genes), SAM identified three transcripts, namely, APOD (accession number AA456975), Phosphoglucomutase 5 pseudogene 1 (PGM5P1, accession number AA598500), and the transcribed locus AA459734 using a SAM filter with a false discovery rate of 0% (Fig. 2a) . Figure 2b compiles the gene expression data of the above three transcripts in the 16 microarray experiments. In addition to the obvious strainspecific variability of baseline expression of all three transcripts (e.g., see ARD1097 versus ARD411), Fig. 2b illustrates the striking response in the two scrotum strains to DHT treatment, but no response in the two CAIS strains. SAM analysis did not reveal reproducible changes in gene expression in response to treatment with AZA.
Quantitative RT-PCR
We subsequently selected APOD for our validation experiments. To directly confirm the gene expression levels found in microarray analyses, we performed qRT-PCR of APOD using eight of the 16 mRNAs that had been used for the microarray hybridizations. APOD expression values as measured by microarrays were well correlated with expression values of qRT-PCR (R=0.93; Fig. 3 ).
To further validate the inducibility of APOD, we carried out independent new cell culture experiments and DHT treatments of six new scrotal fibroblast strains (S3, S5, S8, S9, S12, S13), three new CAIS strains (ARD682, ARD1144, ARD402), six PAIS strains (ARD446, ARD534, ARD001, ARD084, ARD377, ARD659), and two 17ß-HSDIII deficiency strains (ARD111, ARD1373; experimental set 2; see also Table 1 ). qRT-PCR showed upregulation of APOD to 13.5±8.2-fold (mean±SD) in five of the six control strains, while one of the control strains (S8) showed little or no relevant DHT-mediated APOD upregulation (1.28-fold; Fig. 1 Unsupervised hierarchical cluster analysis of scrotum and 46, XY labia majora fibroblasts (experimental set 1). The heatmap represents hierarchical clustering of 3,601 transcripts which had at least 80% interpretable data across the 16 microarrays and whose expression levels were at least twofold different from the mean expression level across all samples in at least four experiments. Transcripts are represented in rows and experiments in columns. Expression values per gene are centered by the mean log 2 Cy5/Cy3 normalized ratio. Increasing red intensity corresponds to higher relative transcript levels compared to the mean expression level across all experiments. Increasing green intensity corresponds to relatively decreased transcript levels compared to the mean. The cluster dendrogram demonstrates the degree of relatedness (Pearson correlation) between the expression patterns of the 3,601 genes in the 16 fibroblast samples. The length of the arms of the dendogram reflects the degree of correlation between the samples Fig. 4) . Intriguingly, when we sequenced the AR gene of the S8 fibroblast strain (Table 1) without APOD response, we detected an inactivating I841S mutation, suggesting that this strain held a clinically occult mutation identical to a mutation our group had identified in a PAIS patient previously [24] . We therefore had to exclude this sample from our analysis as part of the normal controls. The three new CAIS strains showed no obvious response of APOD to DHT treatment (1.2±0.7-fold; Fig. 4 ). In the six PAIS fibroblast samples, we observed a comparably slight upregulation of APOD (2±1.3-fold; Fig. 4 ). The differences between the normal scrotum and CAIS fibroblasts and between the normal scrotum and PAIS fibroblasts were statistically significant (p=0.028 and 0.034, respectively; t test). 17ß-HSDIII fibroblast strains showed APOD upregulation to be 9.96±1.4-fold in response to DHT, and there was no significant difference compared to normal scrotal cells (p=0.401; t test; Fig. 4 ).
Discussion
To date, no androgen-induced genes have been identified in primary human genital skin fibroblasts. Using a genomewide microarray strategy, we demonstrated for the first time that cultured normal male scrotum skin fibroblasts are transcriptionally responsive to DHT treatment in vitro. We found that APOD, a documented androgen-regulated gene in the prostate cancer cell line LNCaP [25] , is significantly induced by DHT in these cells. The presence of steroid hormone regulatory elements in the APOD gene promoter The rows in the heatmap show the three transcripts, APOD, PGM5P1, and the transcribed locus AA459734, which were identified to be significantly induced by DHT as measured on microarrays using SAM. Expression values for each transcript were centered by mean. Red-green color coding has the same meaning as in Fig. 1 [26] corresponds with our findings. Severe reduction or complete absence of APOD induction in PAIS and CAIS samples, as assessed by qRT-PCR, supports specificity of DHT-mediated APOD upregulation for the AR signaling pathway in the genital skin fibroblasts. High APOD response to DHT treatment in labia majora fibroblast strains derived from two different females with 17ß-HSDIII deficiency (Table 1 ) but intact AR confirmed that the AR status, but not labial, versus scrotal anatomy per se is the determinant of APOD response to DHT in fibroblasts. Therefore, qRT PCR of DHT-induced APOD transcription in labioscrotal fibroblasts is a first molecular strategy for the functional identification of AIS assessing the degree of AR-mediated transcription activation in a primary human tissue culture model.
Our data on scrotum fibroblasts contrast with our previous observations in foreskin fibroblasts which failed to show a reproducible androgen response [17, 18] . However, foreskin fibroblasts and scrotal skin fibroblasts originate from different embryonic origin within the bipotent external genitalia and differ significantly in their postnatal baseline expression signatures [19] . These differences in the baseline transcriptome might have contributed to the observed differences in androgen responsiveness. Since epigenetic mechanisms such as gene methylation [20] and chromatin structure modulation due to histone modification [21] play important roles during control of cell and tissue differentiation and since we initially suspected only marginal response of scrotum cells based on our previous experience with foreskin fibroblasts, we performed parallel experiments with the demethylating agent AZA. However, AZA did neither affect DHT-induced APOD upregulation nor did it lead to the identification of additional androgen-regulated genes silenced during development by methylation. We were surprised not to see significant changes in gene expression induced by AZA since we used doses that have been documented to change methylation in cell culture [27] . A possible explanation of the lack of transcriptional changes due to AZA could be that we did not treat for sufficient time so that the number of cell divisions prior to confluency was inadequate to incur promoter demethylation.
Our data imply that APOD could be a potential "biomarker" of androgen receptor function in genital tissues that could be used to establish the diagnosis of AIS. APOD response to DHT was extremely reduced or absent in all of our PAIS and CAIS samples, but was present in the 17ß-HSDIII deficiency fibroblasts. The utility of measuring the APOD response to DHT stimulation was suggested by the surprising finding of non-responsiveness in one control, S8. The S8 cell line had been considered to be derived from a normal male control because of phenotypic normal male external genitalia. This subject had initially come to medical attention because of infertility, and scrotal fibroblasts had been harvested at the time of a testicular sperm extraction surgical procedure. Interestingly, S8 fibroblasts showed severely reduced APOD responsiveness to DHT treatment, and sequence analysis showed that they had an inactivating I841S mutation within the ligand-binding domain of the AR gene. We have previously described this mutation in a different patient having PAIS and ambiguous external genitalia [24] . Therefore, reduced APOD transcription in S8 uncovered the diagnosis of AIS in this subject (MAIS, minimal androgen insensitivity syndrome) which was later proven by DNA sequence analysis. On the one hand, this surprising finding supports the suitability of APOD as a potential molecular "biomarker" for the transcription regulatory function of the AR in the genital tissue, allowing a function-based diagnosis of AIS. This also offers valuable perspectives for future categorization of patients with clinically presumed AIS but without currently identified mutations in the AR gene. On the other hand, the degree of genital virilization as part of the AIS phenotype seemed not to be directly reflected by the level of DHTinduced APOD transcription in our study, since we did not observe a statistically significant difference between CAIS and PAIS (Fig. 4) and since the above-described I841S patient demonstrated a normal male external genital phenotype. Therefore, more data are needed to better define the relationship between DHT-induced APOD response and the phenotypic degree of AIS.
APOD plays physiological roles in growth control and growth arrest [25, 28] . High APOD expression in fibroblasts has been described in quiescent cells under conditions of confluency and serum starvation [29] . Interestingly, all four cultures of ARD411 showed higher baseline APOD expression on microarrays compared to the four ARD1097 experiments and to the untreated S4 and S15 experiments (Fig. 2b) . Since all these cells were cultured at comparable passage numbers (Table 1) , the baseline transcript level differences are not likely to reflect relevant differences in the state of senescence. Rather, we hypothesize that these differences reflect inter-individual differences in gene expression.
APOD belongs to the alpha2mu-microglobulin superfamily, also called lipocalins, an evolutionary conserved superfamily of proteins that function in the binding and transport of many physiologically important ligands including pheromones [30] . E-3-methyl-2-hexenoic acid is the most abundant axillary odor constituent in males and is carried to the skin surface by APOD before it is liberated from non-odorous apocrine secretions by axillary microorganisms [31] . Pheromonal communication is an important pathway for the transmission of information on gender and social status in mammals [32] . There is evidence that male axillary pheromones can even mediate female menstrual synchrony by potential modulation of the hypothalamic pituitary-gonadal axis [33] . These considerations are intriguing in the context of androgen regulation of APOD transcription in the human genital skin, AIS, and disorders of sex development, but further studies are necessary to investigate the potential role of APOD therein.
Supplementary information Microarray data can be accessed in the GEO database (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? token=lnctdkqeqgeouvc&acc=GSE11847).
